BACKGROUND AND PURPOSE: Quantitative T 1 and diffusion tensor imaging (DTI) may provide information about pathological changes underlying disability and progression in diseases like multiple sclerosis (MS). Imaging the corpus callosum (CC), a primary site of damage in MS with a critical role in interhemispheric connectivity, may be useful for assessing overall brain health, prognosis, and therapy efficacy. We assessed the feasibility of multisite clinical trials using advanced MRI by examining the intra and intersite reproducibility of T 1 and DTI measurements in the CC and segmented white matter (WM). 
Introduction
Quantitative magnetic resonance imaging (MRI) measures can provide information about pathological changes driving disability and progression in neurological disease. T 1 relaxation in brain is believed to be primarily influenced by water content. 1 T 1 has also been linked to gliosis, 2 myelin content, 3, 4 iron, 5 and, in multiple sclerosis (MS) lesions, axonal density. 6, 7 In vivo studies have found that MS normal appearing WM (NAWM) demonstrates a longer T 1 than control white matter (WM), [8] [9] [10] and T 1 histogram metrics from NAWM correlate with disability, T 2 lesion load, and atrophy. [11] [12] [13] Diffusion tensor imaging (DTI) is another quantitative MR method that can be used to probe brain pathology. DTI assesses the kinetics of water and measurements depend on the underlying tissue architecture. Fractional anisotropy (FA) examines the overall directionality of diffusion, and is influenced by many factors including the presence of crossing fibers and changes in water content. 14 Mean diffusivity (MD) provides an overall measure of water translational mobility, axial diffusivity (D ax ) is influenced by axonal integrity and radial diffusivity (D rad ) is modulated by myelination. 15, 16 In MS, increases in both D ax and D rad as well as MD have been related to tissue damage and correlated with disability. 17, 18 As T 1 and DTI are sensitive to MS clinical disability and progression, monitoring these metrics may be useful in evaluating treatment efficacy and tissue repair. Beyond assessing focal lesions, T 1 and DTI measures may be particularly useful as biomarkers for diffuse tissue damage, for which there is still a lack of reliable and specific metrics. NAWM characteristics such as mean T 1 , FA, MD, D ax , and D rad can be studied globally or for specific brain structures such as the corpus callosum (CC), as demonstrated recently by Barone et al who found that, within a homogeneous cohort of patients, three neuroimaging groups could be identified based on DTI-involvement of normal-appearing CC, which corresponded to three distinct levels of clinical and cognitive disability. 19 However, before using T 1 or DTI as quantitative measurements in clinical trials, inter-and intrasite reproducibility need to be assessed. Previous studies on the reproducibility of T 1 relaxation-derived metrics have found promising results. Within a single site, T 1 coefficients of variation (COVs) ranged from 1.6% to 6.4% using a variety of T 1 acquisition techniques such as inversion recovery (IR) and variable flip angle (VFA). [20] [21] [22] To our knowledge, only two studies have examined T 1 reproducibility across multiple sites; Deoni et al 22 found, at 1.5T, the T 1 COV for brain tissue between three sites to be 6.8% using a VFA technique and Weiskopf et al 23 reported recently at 3T using a VFA technique an R 1 (1/T 1 ) COV to be 4.6% for WM across three sites. A DTI study of the CC comparing intra and intersite reproducibility of FA from two 3T scanners found intrasite COVs ranging from 1.6% to 6.2% and intersite COVs from 1.6% to 5.2%. 24 This study also reported intraclass correlation coefficients (ICCs) of .97 and .90.
The purpose of our study was to determine the reproducibility of IR T 1 relaxation measurements and DTI-derived metrics (FA, MD, D ax , and D rad ) at 3T. In addition to examining total WM, and as with many previous DTI studies, we also focused on the CC. This is mainly due to the consistent alignment of fibers within this fiber bundle preventing DTI measures from being confounded by crossing fibers. Also, the CC is frequently affected in MS and abnormalities within this area have been associated with disability and cognition. 25, 26 Given the CC's critical role in interhemispheric connectivity, metrics which probe its pathology may be important outcome measures for assessing overall brain health and therapy efficacy in MS. Cross-site reproducibility was examined by scanning the same five subjects at six different sites. Intrasite reproducibility was assessed by scanning each subject twice at each site.
Methods

MRI Experiments
Five healthy volunteers (three females, two males; mean age 37 years, range 24-54 years) were scanned twice within a 24-hour period at six different sites. This study was approved by each institution's ethical review board and all subjects provided signed, informed consent before participation. Healthy subjects were selected for this study, as opposed to patients, in order to remove any effects of pathological variation on results and isolate errors to the measurement technique itself. Data were collected at each site using MR scanners with similar hardware and software configurations from a single vendor (Achieva 3.0 T, Philips Healthcare, Best, The Netherlands) with an eight channel head coil. The first of the two scans is from here on labeled "Scan 1," and the second scan "Scan 2"; the naming merely indicates the order in which the scans were collected and the experimental protocols for the two scans were identical. , acquisition matrix 256 × 256, turbo factor 125, TR/TE = 8.0/4.6 milliseconds, TI = 150, 400, 750, 1,500, 3,500 milliseconds, adiabatic hyperbolic secant pulse for inversion, shot interval [total repetition time] = 5,000 milliseconds, SENSE = 2, 13 axial slices at 5 mm thickness, scan time = 7 minutes). 27 The T 1 volume was prescribed on the true midline sagittal so that the angulation of the slab was parallel to the inferior border of the CC. The slab location was then adjusted so that the inferior Intrasite coefficents of variation and intraclass correlation coefficients were averaged over all sites' values and over all people. * P value for analysis of variance comparing sites < .05. ** P value for analysis of variance comparing sites < .01. CC = corpus callosum; COV = coefficient of variation; FA = fractional anisotropy; ICCs = intraclass correlation coefficients; MD = mean diffusivity; D ax = axial diffusivity; D rad = radial diffusivity; µm = micrometer; WM = white matter.
border of the fourth slice of the scanning volume lined up exactly along the inferior border of the genu and splenium of the CC (Fig 1) . A sagittal DTI sequence was also acquired (acquisition matrix 112 × 111, voxel size = 2.2 × 2.2 × 2.2 mm 3 , TR/TE = 6,389/65 milliseconds, EPI factor = 59, big/little delta = 31.4/14.3 milliseconds, SENSE = 2, 60 slices, halfscan factor = .74, b-factor = 0,750 s/mm 2 , 33 gradient directions, scan time = 7 minutes).
Postprocessing of Images
Each subject's images were registered to their first MP-RAGE scan with TI = 1,500 milliseconds at site 1 using FLIRT (FM-RIB's Linear Image Registration Tool) with a mutual information cost function, sinc interpolation and 9 degrees of freedom. 27 Regions of interest of the entire CC were extracted by warping the JHU CC atlas back to the registered maps using FNIRT (FMRIB's Nonlinear Image Registration Tool, Fig 1) . In addition, WM segmentation was performed using FAST (FMRIB's Automated Segmentation Tool) 27 on a combination of the brain extracted TI = 150 milliseconds and TI = 400 milliseconds images obtained using FMRIB Software Library (FSL)'s Brain Extraction Tool. 28 CC masks were visually inspected for consistency and WM masks were manually edited to ensure that only voxels corresponding to WM were included.
Data Analysis
T 1 relaxation times were obtained at each voxel by fitting to a single exponential function using in-house software (MAT-LAB, MathWorks, Natick, MA, USA). DTI images were analyzed with FSL's FDT diffusion tool to generate FA, MD, D ax , and D rad maps. 27 CC and WM masks were applied to the T 1 , FA, MD, D ax , and D rad maps, and these voxels were used to determine a mean value for each scan of each subject. All subsequent analysis was conducted on the mask means. Standard deviation maps over all the sites, and histograms for each scan were created for each MR measurement for the CC and WM. 
Statistical Analysis Intrasite Reproducibility
Intrasite reproducibility was assessed with COV and ICC, as well as Bland-Altman plots. For intrasite reproducibility, the COV was calculated for each subject at each site by taking the standard deviation (SD) of the metric over the two scans, dividing by the mean of the scans and then multiplying by 1+1/(4n) to correct for bias due to the limited number of scans; n = 2 in this case. 29 ICCs were computed for each site separately as the ratio of the between-subject variance to the total variance. The ICC ranges from 0 to 1, with values closer to 1 indicating higher reproducibility.
Intersite Reproducibility
To evaluate intersite reproducibility, the COV was calculated for each subject by taking the SD over all sites (using the mean value of each subject's two scans at each site) and dividing by the mean across all sites. The intersite bias and reliability were assessed using a repeated measures analysis of variance (ANOVA). Site to site bias was tested by an ANOVA F-test and Tukey's Post Hoc test. A Levene's test of equal variances was conducted on the intrasite differences of each metric in order to assess the homogeneity of variability of measurements across sites. The relevant ICC for intersite reliability is the ratio of the variance arising due to differences between subjects alone relative to the total variance of the measurement.
Statistical Software
Statistical analyses were performed using the open source statistical program R. Intrasite ICCs were computed with the icc function from the irr package, Levene's tests were performed using the levene.test function in the lawstat package, and post-hoc tests were performed using the glht function in the multcomp package, after fitting data with the lme function from the nlme package. All other postprocessing and analysis was performed with MATLAB (MathWorks). For more details on the statistical methods, see Meyers et al. 
Results
Intrasite Reproducibility
Individual site and mean intrasite COV and ICC for CC and WM T 1 and DTI-metrics are presented in Tables 1 and 2 , respectively. In general, the CC COVs were low (ranges for T 1 : . 13 The Bland-Altman plots showed good agreement between the two scans (Fig 2) . There was only a small bias for Scan 2 measurements relative to Scan 1 for all metrics (CC: Intersite Reproducibility Figure 4 demonstrates visual agreement of T 1 and DTI parameter maps from one volunteer at all six sites. Figure 5 shows a representative example of intersite standard deviation maps and histogram plots from one subject. Figure 3 highlights the intersite reproducibility of the T 1 and DTImetrics means for the CC and WM. CC means over the sites ranged from 2.85-7.36%). The intersite ICCs were lower than the intrasite ICCs but generally still good ( Table 2) . P values for the ICCs were low (<.05) for all metrics. A repeated measures ANOVA revealed that T 1 and DTI metrics differed significantly between at least one of the sites (P < .0001). A Tukey's Post Hoc test revealed significant differences between two or three sites for each MR measure. Levene's tests gave nonsignificant P values, indicating no significant difference between the intrasite variance of different sites. Findings were similar for WM, with even lower COVs than the CC.
Discussion
T 1 relaxation and DTI both can provide a quantitative description of pathology and there is a very large amount of literature on their application in brain. There are generally three classes of T 1 measurement techniques: IR, Look-Locker, 31, 32 and VFA. 33, 34 The gold standard for T 1 measurement is the IR spin echo scan; however, the traditional method of spin echo acquisition requires a long measurement time, making it impractical for clinical use. Therefore, we chose a much faster MP-RAGE acquisition of the IR technique with five different inversion times, which could be collected in a clinically feasible time frame of 7 minutes. DTI acquisitions can also be quite varied. Our 33 direction version is typical of clinical scanners and comparable to the sequences used in previous reproducibility studies. 24 ,35,36
Fig 5.
Example of intersite standard deviation maps and histogram plots from one subject for T 1 , fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity.
For segmented WM and CC tissue, the results of this study demonstrated, in general, very good intrasite reproducibility for T 1 and DTI metrics, as indicated by the low intrasite COVs, high ICCs, and Bland-Altman analysis. COVs for WM were generally lower than for CC, likely due to the larger volume of data in the WM mask versus the CC mask. Site 5 had several outliers in the DTI Bland-Altman plots. Compared to many previous T 1 and DTI reproducibility studies, our study had a larger number of sites; however, a sample size of five people at six sites could be considered relatively small, and one outlier can significantly impact statistical results.
The Bland-Altman plots showed no strong bias of one scan over the other. In general, these plots revealed good intrasite agreement between the two scans, with only a small discrepancy between measurements. The even spread of points around zero shows that there is no change in bias from low to high values, and the fact that the spread remains fairly constant along the x axis indicates that the variability between scans is consistent across all ranges of measurements.
The moderate ICCs and low intersite COVs for the MR measurements indicate good reproducibility between sites. However, there were systematic trends in the MR measurements between different sites (eg, site 4 always had higher diffusivity values and site 5 had lower T 1 values). Such discrepancies between centers indicate that care must be taken when comparing data across different sites, even in the context of a study that uses common manufacturers, coils, and hardware/software. Systematic site differences, and outliers, may be due to a number of site-related factors including differences in B1 inhomogeneity and gradient performance. Although there was no evidence of EPI-based distortions in our DTI data (see Fig 4 for example) , careful inspection of images (in particular frontal WM) is crucial to identify possible sources of variance. Therefore, site should be used as a covariable in the statistics analysis. For our study, we chose to minimize the scan-interval between repeated scans of the same subject to isolate the technical variance from physiological effects. However, physiological factors, such as hydration status, 37, 38 time of day, 39 alcohol consumption, 40 and menstrual cycle phase, [41] [42] [43] may be important sources of variance to consider.
Our T 1 data demonstrated better reproducibility than what has been reported from previous studies. Using a fast IR acquisition, Van Walderveen et al showed intrasite T 1 COVs ranging from 1.6% to 3.3% in the WM from 10 healthy controls, although this finding is confounded by the, on average, 5-month time differential between Scan 1 and Scan 2. 21 Using a twopoint IR technique, Davies et al calculated an intrasite COV from 13 healthy controls mean histogram T 1 as 2.7% in WM, but this study also had a 6-month time window between the two scans. 20 Finally, using a VFA acquisition, Deoni et al found an average T 1 COV over all brain tissue of 6.4% in seven healthy subjects scanned at least twice within 3 weeks. 22 In previous multicenter studies, T 1 COVs were 6.8% for all brain tissue 22 and 4.6% for WM. 23 For the CC, a previous study reported reliability coefficients of .86 and .95 for the genu and splenium of the CC, respectively. 44 A summary of COVs for FA of the CC from numerous studies is reported by Vollmar et al. 24 Our FA intrasite COV is similar or better than values from other studies. Our FA intersite COV is larger than the Vollmar et al study 24 but lower than the Pfefferbaum study. 45 For MD, previous studies showed the intrasite COV ranged from 2.6% to 8.2% and the ICC was .99, and the intersite ICC was .94 for the genu of the CC. [45] [46] [47] For D ax and D rad , Cercignani et al found intersite COVs of 4.1% and ß6.1% for whole brain. 48 Again, our results are similar or better than these previous studies.
A limitation of this study is the small number of subjects. With such a small sample size, one outlier can significantly impact statistical results. Also, the use of only one scanner manufacturer limits the applicability of the results. In this ideal situation of identical scanners, an effect size calculation with 80% power at P = .05, and assuming a 5% change, for CC analysis we would require the following number of people for each MR metric: T 1 = 4; FA = 28; MD = 50, D ax = 20, D rad = 112. A similar calculation for WM yields T 1 = 4; FA = 7; MD = 3, D ax = 4, D rad = 3. However, given that clinical trials are done using multiple vendors, this effect size estimation is idealistic. Future studies preparing for clinical trials that include quantitative MR measures should perform cross-site reproducibility studies with multiple MR system manufacturers. In addition, physiological variance would also contribute to final effect size and would therefore be an important parameter to incorporate in a future study design.
In conclusion, this study has demonstrated good reproducibility of T 1 and DTI metrics both between scans at single sites, and between sites with the same model of 3T MRI scanner. Results from this study indicate that multicenter clinical trials using T 1 and DTI data collected using the same MR system are feasible. Small systematic differences in T 1 and DTI between sites highlight the practical challenges that need to be considered when conducting multisite quantitative MRI studies.
